We have previously determined that phospholipase D (PLD) is activated by abscisic acid (ABA), and this activation is required for the ABA response of the cereal aleurone cell. In this study, ABA-stimulated PLD activity was reconstituted in vitro in microsomal membranes prepared from aleurone protoplasts. The transient nature (20 min) and degree (1.5-to 2-fold) of activation in vitro were similar to that measured in vivo. Stimulation by ABA was only apparent in the membrane fraction and was associated with a fraction enriched in plasma membrane. These results suggest that an ABA receptor system and elements linking it to PLD activation are associated with the aleurone plasma membrane. The activation of PLD in vitro by ABA was dependent on the presence of GTP. Addition of GTP␥S transiently stimulated PLD in an ABA-independent manner, whereas treatment with GDP␤S or pertussis toxin blocked the PLD activation by ABA. Application of pertussis toxin to intact aleurone protoplasts inhibited the ability of ABA to activate PLD as well as antagonizing the ability of ABA to down-regulate gibberellic acid-stimulated ␣-amylase production. All of these data support the hypothesis that ABA stimulation of PLD activity occurs at the plasma membrane and is mediated by G-protein activity.
The cereal aleurone exhibits a well-defined suite of responses to the phytohormones gibberellic acid (GA 3 ) and abscisic acid (ABA). GA 3 increases the expression and secretion of hydrolytic enzymes (principally ␣-amylases), which break down the starchy endosperm providing resources for seed germination (Bethke et al., 1997; Ritchie and Gilroy, 1998a) . ABA inhibits the responses to GA 3 as well as causing the up-regulation of several ABA-responsive genes (for review, see Bethke et al., 1997) .
The perception of GA 3 and ABA in the cereal aleurone occurs at the plasma membrane (Hooley et al., 1991; Gilroy and Jones, 1994) , although receptors have yet to be identified for either hormone. In addition, signal transduction events that lead from perception to cellular regulation remain poorly understood. There are however several candidate events that may be involved in early transduction of the ABA signal in the aleurone. These include changes in pH (van der Veen et al., 1992; Heimovaara-Dijkstra et al., 1994a) , membrane potential (Heimovaara-Dijkstra et al., 1994b) , mitogenactivated protein kinase-like activity (Knetsch et al., 1996) , and the activity of the protein kinase, PKABA1 (Gomez-Cadenas et al., 1999) . We have also demonstrated a role for phospholipase D (PLD) in the response of aleurone to ABA. Thus, ABA elicited a transient increase in PLD activity when applied to aleurone cells. Treatment of protoplasts with one of the products of PLD activity, phosphatidic acid (PtdOH), elicited the ABA response in the absence of ABA. Conversely inhibiting the production of PtdOH with a PLD antagonist (1-butanol) blocked the aleurone response to ABA (Ritchie and Gilroy, 1998b) . We have also demonstrated a similar relationship between ABA and PLD in a very different ABA-responsive cell, the stomatal guard cell of broad bean (Jacob et al., 1999) , and an involvement of PLD in ABA signal transduction regulating senescence has been suggested (Ryu and Wang, 1995; Fan et al., 1997) . Changes in PLD expression and activity in response to dehydration stress have been shown to be correlated with drought tolerance of cowpea (Maarouf et al., 1999) and the resurrection plant (Frank et al., 2000) . Whether these changes in response to water stress also reflect ABA signaling events remains to be determined.
The mechanism whereby ABA leads to activation of PLD remains unclear but GTP-binding proteins (G-proteins) represent one candidate. G-proteins are considered universal signal transduction elements and in the PLD-mediated deflagellation response of Chlamydomonas eugametos (Munnik et al., 1995 (Munnik et al., , 1998 , and in the regulation of PLD activities in carnation (Munnik et al., 1995; de Vrije and Munnik, 1997) , G-protein activation of PLD has been proposed. In addition, in the stomatal guard cell, evidence has accumulated that heterotrimeric G-proteins are involved in regulating ion channels (Assmann, 1996) , which are downstream effectors of ABA signaling in this cell. However, to date, evidence from aleurone cells more strongly supports G-protein involvement in transducing the GA 3 rather than ABA signal. For example, application of the peptides mastoparan and Mas7 were able to mimic the GA 3 response of the wild oat aleurone (Jones et al., 1998) . These peptides are thought to imitate activated G-protein-coupled receptor motifs, suggesting that their action in the aleurone was through G-protein-mediated GA 3 signal transduction. It has also been found that a dwarf mutant of rice, which is severely impaired in the GA 3 response of the aleurone (Mitsunaga et al., 1994) , has a lesion in a G␣ gene (Fujisawa et al., 1999) . Extracts of barley (Hordeum vulgare) aleurone protoplasts and embryos contain proteins that cross-react with antibodies to G␣ and ras (a monomeric GTPase) and proteins that bind GTP (Wang et al., 1993; Visser et al., 1999) . Recent evidence also tentatively suggests the involvement of G-protein activity in the response to ABA of the barley embryo (Visser et al., 1999) .
We have therefore investigated further the link between PLD and ABA in the cereal aleurone by developing an in vitro assay in which ABA stimulates PLD activity. In this paper we report that ABA stimulation of PLD activity in the barley aleurone cell most likely takes place at the plasma membrane and requires a G-protein-type activity.
RESULTS

Stimulation of PLD Activity in Vitro by ABA
To investigate further the molecular interactions leading to the activation of PLD by ABA in the barley aleurone we reconstituted the PLD stimulation by ABA in a microsomal membrane fraction from protoplasts in vitro. ABA stimulation of PLD was detectable in these assays, but the stimulation was dependent on the SDS and protein concentration used in the assay (Fig. 1) . Figure 1A shows that at 112.5 g protein mL Ϫ1 and 50 to 60 m SDS, ABA induced an approximately 1.5-fold stimulation of PLD activity in the aleurone cell extracts. This level of stimulation is similar to that induced by ABA in vivo (Ritchie and Gilroy, 1998b) .
The PLD assays shown in Figure 1 were carried out after 10 min of ABA treatment but we have previously noted that the stimulation of PLD by ABA in vivo was transient, occurring 5 to 10 min after ABA application and subsiding by 20 to 25 min (Ritchie and Gilroy, 1998b) . Thus once the conditions were established at which ABA-stimulated PLD activity in vitro could be detected, we conducted a time course of this activity. Figure 2 shows that the stimulation of PLD by ABA is apparent at the first time point we could assay after ABA addition (5 min), subsided after 20 min, and by 30 min no difference between PLD activity with or without ABA could be detected. Thus, the transient nature of the PLD activation in vitro parallels that reported in vivo, although we cannot determine if its onset may be faster.
We next tested a range of other plant hormones to determine the specificity of PLD stimulation to ABA.
In addition, ionone was used as a biologically inactive structural analog of ABA (van der Meulen et al., 1993) . Figure 3A shows that under the assay conditions used, none of the other hormones tested had any stimulatory effect on PLD activity. Increasing ABA concentrations caused increasing PLD activation with the maximal effect at 10 m ABA and with saturation of this effect at higher concentrations used. ABA concentrations as low as 10 nm caused a significant stimulation of PLD activation ( Fig. 3B ; t test, P Ͻ 0.05). This dose response parallels that of the responsiveness of intact aleurone cells to ABA (Ritchie et al., 1999) .
Stimulation of PLD by ABA Is G-Protein Mediated
We next asked the nature of the link between ABA perception and PLD activation. G-proteins are ubiq- uitous signaling intermediates in the membranes of eukaryotic cells. Therefore, we assayed the effect of molecules that modulate G-protein activity on PLD activation by ABA in the aleurone membrane fraction. The GTP analog GTP␥S is hydrolyzed much more slowly than GTP, whereas GDP␤S is a nonphosphorylatable form of GDP. These molecules render G-proteins in an active or inactive state, respectively (Ma and Weiss, 1995) . Figure 4 shows that the inclusion of 10 m GDP␤S in PLD assays made the activity insensitive to ABA, whereas 10 m GTP␥S was able to significantly stimulate PLD in the absence of added ABA. To determine the specificity of these effects for GDP and GTP analogs, parallel assays were conducted in the presence of equivalent ADP and ATP analogs. Neither 10 m ADP␤S nor ATP␥S showed any significant effect on PLD activity.
To test if GTP␥S is also able to irreversibly activate PLD in our in vitro system, we conducted time courses of PLD activity in the presence of GTP␥S and ABA. Figure 5 shows that, in the absence of ABA, GTP␥S stimulated PLD activity with similar kinetics to ABA (Fig. 2) , although the decline in stimulation by 10 min is more rapid than seen in ABA-treated samples, and its final extent may be lower (compare Figs. 2 and 5). Thus GTP␥S was unable to prevent the inactivation of activated PLD normally seen in response to ABA.
Treatment with ABA and GTP␥S showed similar transient PLD activation to GTP␥S or ABA alone (Fig. 5) . This is in contrast to the increased stimulation of ABA plus GTP␥S over GTP␥S alone seen in Figure 4 . The reason for this variability in PLD activation by GTP␥S relative to the maximal stimulation seen with ABA is unknown but again may reflect the action of other regulators of PLD activity in the membrane preparation. However, importantly, in all the assays we have conducted, GTP␥S elicited a significant (P Ͻ 0.05, t test) activation of PLD in the range seen to be elicited by ABA.
Pertussis toxin (PTX), cholera toxin (CTX), and mastoparan are also all used to perturb G-protein function (Ma and Weiss, 1995) . PTX is able to inhibit some types of G-protein, whereas CTX activates others. Mastoporan elicits the activation of G-proteins by mimicking the conformation of activated G-protein coupled receptors. As shown in Figure 6A , PTX inhibited the ABA stimulation of PLD activity, whereas CTX and mastoparan had no significant effects (P Ͼ 0.05, t test). To determine the specificity of the effect of PTX, we also analyzed the activity of the two individual proteins that make the whole toxin molecule. The PTX A subunit has the enzymatic, ADPribosylation activity that alters G-protein function, whereas the B oligomer subunits enable entry of the A subunit into cells (Locht and Antoine, 1995) . In the in vitro assay, we found that the A subunit alone inhibited the ABA stimulation of PLD activity, whereas the B subunit alone had no effect on the stimulation of PLD by ABA. PTX denatured by boiling was also ineffective against ABA stimulation of PLD (data not shown). In addition, neither the A subunit nor the full PTX holoenzyme inhibited basal PLD activity (control 0.51 Ϯ 0.05 nmol P ethanol mg Ϫ1 min Ϫ1 compared with 0.49 Ϯ 0.07 for PTX treated and 0.5 Ϯ 0.05 for PTX-A treated). Their action was limited to antagonizing the ABAactivated component of PLD activity. Taken together, these data indicate that the effect of the PTX is unlikely to be due to a non-specific effect of the proteins involved since only the A subunit was able to inhibit the stimulation of PLD by ABA and only the ABAregulated component of PLD activity was affected.
As PTX was able to block ABA stimulation of PLD activity in vitro, we determined if it could affect ABA signaling and PLD activity in vivo. We monitored in vivo PLD activity using aleurone protoplasts loaded with fluorescent phospholipid and following the production of the fluorescently labeled product of PLD activity. After treatment with ABA the levels of fluorescent PtdOH extracted from aleurone protoplasts 6 . The effect of G-protein agonists and antagonists on ABAstimulated PLD activity and in vivo effect of PTX and CTX on ABA-stimulated PtdOH levels. A, In vitro PLD assays of microsomal membrane preparations were conducted Ϯ10 M ABA in the presence of a range of G-protein-related peptides (1 or 0.5 g/mL for protomer A or oligomer B of PTX) and P-ethanol measured. B, Aleurone protoplasts were loaded with fluorescently labeled phosphatidylcholine and, after application of ABA (10 M) and toxins (1 or 0.5 g/mL for protomer A or oligomer B of PTX) for 15 min, lipids were extracted and fluorescent PtOH produced in vivo was quantified. The results show the means Ϯ SE of three separate experiments. For A, basal in vitro PLD activity was 0.5 Ϯ 0.05 nmol P-ethanol mg Ϫ1 min Ϫ1 . For B, basal in vivo fluorescent PtdOH production was 1.3 Ϯ 0.15 arbitrary fluorescent units. The data are expressed as the ratio of P-ethanol (A) or PtdOH (B) produced with the treatment in the presence versus absence of ABA. None of the treatments (Mas, CTX, PTX, PTX-A, or PTX-B) significantly affected either PLD activity (P-ethanol produced, A) or production of fluorescent-PtdOH (B) in non-ABA-treated samples (P Ͻ 0.05, t test). Mas, Mastoparan; control, activation in presence of ABA without additional treatment.
were elevated above those of controls indicating PLD activation. Figure 6B shows that PTX treatment abolished this effect, whereas CTX was much less effective at inhibiting ABA-induced PtdOH production. Treatment of protoplasts with either PTX A protomer or B oligomer alone did not have any effect on the response to ABA, consistent with a requirement of both parts for entry into the cells (B oligomer) and subsequent inhibition by the catalytic activity (A protomer).
One further measure of ABA activity in the aleurone is its ability to inhibit GA 3 -induced ␣-amylase secretion. We therefore tested the effects of the toxins on this aspect of the ABA response of these cells. Figure 7 indicates that protoplasts treated with GA showed the expected elevated levels of amylase secretion that was inhibited by ABA. However, PTX blocked this ABA effect, maintaining levels of secretion in GA 3 ϩABA-treated cells. As noted by other researchers (Jones et al., 1998), PTX did not inhibit the GA 3 response, again arguing against PTX having non-specific toxic effects on the aleurone cell. When PTX was applied to ABA-only-treated samples or samples not treated with any hormone, there was a stimulation of ␣-amylase production, an activity normally associated with GA 3 action. The same effect on secreted amylase activity was also seen when aleurone layers rather than protoplasts were treated with PTX (data not shown). When the individual subunits of PTX were applied instead of the whole holoenzyme there was no effect of the toxin on ␣-amylase secretion (Fig. 7) , consistent with the lack of effect of the individual toxin subunits on ABA activation of PtdOH production in intact cells (Fig. 6B ).
ABA Stimulation of PLD Activity Occurs at the Plasma Membrane
To determine if the ABA stimulation of PLD activity occurred at the plasma membrane, we processed microsomal fractions from aleurone layers through three rounds of phase partitioning to generate an upper phase fraction enriched in plasma membrane and a lower phase enriched in other cellular membranes and depleted in plasma membrane. Aleurone layers were used as starting material rather than protoplasts because of the limitation in the amount of membrane material that could be generated using protoplasts. However, some experiments using protoplast-derived plasma membrane were performed, and the results were identical to those reported below for layers.
We had already established that the levels of protein and SDS in the assay are critical factors needing optimization to reconstitute ABA activation of PLD in microsomal membranes in vitro (Fig. 1) . As the protein and lipid composition of phase partitioned membranes would likely differ from the microsomal preparation used previously, we repeated the protein and SDS optimization experiments outlined in Figure  1 for the fractions for the phase partition experiments. These experiments revealed that the optimal SDS level of 50 to 60 m was identical to our previous experiments but that the optimal protein level for ABA-induced stimulation of PLD activity was 162.5 g/mL. Therefore, we used this protein concentration in the phase partitioning PLD experiments reported below.
We next conducted membrane marker assays on the fractions generated by the phase partitioning to estimate the enrichment of plasma membrane in the final upper phase. Table I shows that in the upper phase the vanadate-sensitive ATPase, a marker used for plasma membranes (Briskin et al., 1987) , comprised approximately 50% of the total ATPase activity. In comparison, in the lower phase the vanadatesensitive activity was only 5% of total. Whereas, the markers for other membrane fractions (cytochrome C reductase, for the endoplasmic reticulum; ATPase sensitive to azide [for mitochondria] and molybdate [for the vacuole]; latent IDPase, for the Golgi apparatus) were enriched in the lower phase and reduced in the upper phase. From these marker enzyme assays, we estimate that the upper phase is enriched to approximately 80% plasma membrane. Figure 8 shows that when PLD activity was assessed in the upper and lower phases derived from the partitioning of aleurone membranes, activity was stimulated more than 3-fold by ABA in the upper phase fraction. Although the lower phase membranes had a much higher basal level of PLD activity, there was no significant stimulation by ABA (P Ͼ 0.05, t test). No stimulation was detected in the soluble fraction. We included 10 m GTP in the assays shown in Figure 8A , and as shown in Figure 8B there was no ABA stimulation in the upper phase fraction in the absence of added GTP. ATP could not substitute for this GTP requirement. In the absence of ABA, both GTP and ATP caused an approximately 40% decrease in the basal amount of PLD activity. Also, in the presence of both ATP and GTP, ATP suppressed the level of PLD activity stimulated by ABA by approximately 30%.
The requirement for GTP to detect ABA stimulation of PLD activity shown in Figure 8 is in contrast to experiments using freshly prepared microsomal membranes (Figs. 1-3 ) in which stimulation occurred without the need to add exogenous GTP. We hypothesized that this difference might be due to the presence of endogenous nucleotides in the microsomal preparation that have been removed or hydrolyzed during phase partitioning. Such support of G-protein activity by carry over of nucleotides in membrane fractions has been noted by other researchers (Graeser and Neubig, 1992). To test this possibility, we attempted to remove any nucleotides by washing our microsomal preparations twice by pelleting and resuspension in fresh buffer. When these final pellets were used PLD activity was no longer stimulated by ABA (ϪABA: 0.26 Ϯ 0.04 nmol P-etOH Ϫ1 mg Ϫ1 min Ϫ1 and ϩABA: 0.27 Ϯ 0.03). With inclusion of 10 m GTP this basal PLD activity was unchanged but ABA now stimulated PLD 1.4 Ϯ 0.2-fold (results from three independent experiments). The addition of ATP rather than GTP could not support stimulation of PLD by ABA. These data support the hypothesis that GTP hydrolysis is required for PLD stimulation by ABA but that sufficient GTP is present in fresh microsomal preparations for there to be no requirement for exogenous GTP.
DISCUSSION
We have previously demonstrated that ABA stimulates PLD activity in the barley aleurone and that this stimulation is involved in transduction of the ABA signal (Ritchie and Gilroy, 1998b) . In this work we have developed an in vitro assay in which ABA, but not the other plant hormones tested, can also stimulate PLD in membrane preparations from barley aleurone. To detect any stimulation of PLD activity by ABA in this in vitro assay, the concentrations of protein and detergent had to be optimized. The critical ratio of detergent:protein (50 m:112.5 g/ mL) is in the range in which the membrane components are likely to be essentially intact (Hjelmeland, 1990) . Hence these conditions are likely to allow for interactions between membrane-associated proteins essentially as they would in vivo.
The in vitro stimulation of PLD by ABA shared important characteristics with the activation seen in intact cells. The 1.5-to 1.8-fold stimulation of PLD activity by ABA is similar in vivo (Ritchie and Gilroy, 1998b) and in vitro (e.g. Fig. 8 ). Similarly, in both the in vitro and in vivo assays the stimulation of PLD by ABA was transient in nature, subsiding after 15 to 20 min.
Scherer and Andre (1993) used an in vitro assay to complement in vivo work implicating PLA 2 activity in auxin signaling. Their in vitro assay allowed them to establish a role of GTP, ATP, and auxin-binding protein in the interaction. In a similar manner the use of the in vitro assay described in this work has allowed us to investigate further the nature of the interaction between ABA and PLD. We found that using a plasma membrane-enriched fraction from aleurone the stimulation of PLD by ABA was greater (on average 3-fold) than the 1.5-fold using a total microsomal preparation (Fig. 8) . This result suggests that the ABA receptor, signal transduction system, and ABA-regulated PLD activity may all be tightly associated with the plasma membrane. Current evidence suggests multiple ABA perception sites within the aleurone cell depending on the downstream event (Ritchie and Gilroy, 1998a) with one site of ABA perception at the plasma membrane (Gilroy and Table I . Marker enzyme assays using fractions prepared by two-phase partitioning of aleurone membranes Total membrane preparations before phase partitioning; the first lower phase and the third upper phase from partitioning were used. The data show the means Ϯ SE for three independent experiments, samples assayed in duplicate, except for latent IDPase activity and nitrate-inhibited ATPase activity, for which data from two independent experiments is shown. Specific activities are shown expressed as mol mg Ϫ1 min Ϫ1 and -fold enrichment in activities are shown in parentheses. Average total protein in each fraction was: total, 16.4 mg; lower phase, 8.2 mg; and upper phase, 1.1 mg. Jones, 1994). Our results support the model of ABA perception at the plasma membrane. In addition, as the activation system survived three rounds of membrane purification by phase partitioning, it seems unlikely that the PLD activation reflects recruitment of cytosolic factors or enzyme to the membrane as has been proposed for other PLD-activating systems (Wang, 1999) . The effects we have documented of G-proteinmodulating agents on the in vitro and in vivo activation of PLD suggests G-proteins may be one membrane-associated factor acting between PLD and the ABA receptor system. In the in vitro assays, both PTX and GDP␤S inhibited the PLD stimulation elicited by ABA (Figs. 4 and 6 ). In addition, GTP was required for PLD activation, and GTP␥S was able to mimic the effect of ABA on PLD activity (Figs. 4 and  5) . This is characteristic of some G-protein-mediated signaling systems and is thought to be due to lowlevel activity of the GTPase in the absence of agonist receptor activation (McFadzean and Brown, 1992) .
In other cells GTP␥S is not able to mimic G-protein activation in the absence of the agonist, however if added concomitant with the agonist, the downstream G-protein-stimulated events are prolonged (McFadzean and Brown, 1992) . This latter possibility did not occur in our studies suggesting that deactivation of the G-protein, and consequently downstream events, is independent of GTP turnover. Figure 8 indicates ATP-suppressed PLD activation, suggesting changes in the activity of an ATP-dependent factor, such as a protein kinase/phosphatase in the membrane fraction may be part of the PLD regulatory system.
In agreement with these in vitro data, PTX inhibited ABA-related events in vivo. This inhibition was evident when assayed either as a reduction in ABAstimulated PLD activity (Fig. 6) or an inhibition of ABA antagonism of GA 3 -induced events (Fig. 7) . It is interesting, however, that PTX treatment not only inhibited ABA-related events but also resulted in elevated levels of ␣-amylase activity in the absence of added GA 3 . There is significant genetic evidence supporting the hypothesis originally proposed by Brian (1957) that GA 3 acts by relieving the action of a repressor systems (for review, see Harberd et al., 1998) . In the case of the aleurone in particular it is plausible that a repressor system could be set up by ABA and other developmental cues during seed maturation, and this repressor system is finally "deactivated" by GA 3 during seed germination. Our results with PTX suggest that a G-protein-mediated, perhaps ABA-related, process is operating in the aleurone to suppress the GA 3 response.
The identity of the putative ABA-related G-proteinregulating PLD remains to be determined. Several genes encoding proteins homologous to ␣-and ␤-subunits of heterotrimeric G-proteins have been cloned from a variety of plants including oat aleurone (for review, see Hooley, 1999) . In plants, a range of highly homologous G␣-subunits have been cloned, as well as a novel 99-kD G␣ termed "extra-large GTP-binding protein." This protein contains an additional domain with homology to a bacterial proteins involved in energy transfer across the plasma membrane and also to zinc-finger proteins (Lee and Assmann, 1999) . This raises the exciting possibility that there may be other novel plant-specific G-proteins with similar heterologous combinations of domains and presumably properties. G-proteins have been proposed to act in many different types of signaling processes (for review, see Assmann, 1996; Bischoff et al., 1999; Hooley, 1999) , suggesting a diverse family of G-proteins may regulate a wide range of cellular responses in plants.
G␣ has been immunologically localized to the plasma membrane, the site of the aleurone ABAactivated PLD, and also to the endoplasmic reticulum in a variety of tissues and species (for review, see Hooley, 1999). However, antisense-RGA1 plants (a rice G␣) have a dwarf phenotype, suggesting alterations in a GA 3 -response pathway (Fujisawa et al., 1999) . In addition, a previously characterized dwarf mutant of rice has mutations in the G␣-subunit. This mutant has impaired response of its aleurone to GA 3 (Mitsunaga et al., 1994) . Jones et al. (1998) have shown G␣ and G␤ expression in oat aleurone and provided evidence for G-protein action in the GA 3 signaling system in this plant. Homann and Tester (1997) also provided evidence for a G-protein activity maintaining secretory vesicle fusion with the plasma membrane in the aleurone cell. Together these observations provide strong support for the involvement of G-proteins in GA 3 signaling and the cellular machinery of secretion of the cereal aleurone. In contrast in our study, G-protein activity appears to be involved in ABA action. These results highlight the potential for multiple G-proteins and G-proteinregulated events in the cell. Results from studies on intact cells attempting to probe G-protein action must be interpreted in light of these possible multiple effects. Thus, for example, Jones et al. (1998) noted no effect of PTX on the GA 3 response system of the aleurone, but our studies indicate it is likely affecting ABA responsiveness of these same cells. This complexity highlights the advantage of analyzing such in vivo responses in parallel with a defined in vitro system such as the reconstituted PLD/ABA activation system where the potential for multiple signaling events is reduced.
In summary, our results demonstrate that the kinetics of PLD activity stimulated by ABA in vitro is similar to that seen in vivo in aleurone cells. This stimulation requires membrane components and is likely to be localized at the plasma membrane. We have also shown that the stimulation of PLD by ABA most likely involves the activity of a G-protein and that this activity appears essential for ABA action in the aleurone cell. Recent data indicate ABA-regulated PLD activity in guard cells. There is also a wealth of data indicating G-protein involvement in guard cell signaling as well as a plasma membrane site for ABA action in these cells. Thus, it is tempting to speculate that a G-protein-activated PLD may be a conserved feature of ABA signaling in diverse plant cells. Defining the molecular identity of this G-protein signaling system is the challenge for future research.
MATERIALS AND METHODS
Plant Material and Chemicals
For protoplast preparation barley (Hordeum vulgare cv Himalaya; Department of Agronomy, Washington State University, Pullman) grains were de-embryonated, cut into quarters, and prepared for protoplast isolation as described by Hillmer et al. (1993) . Freshly isolated protoplasts were used for microsomal protein extraction and PLD assays. For in vivo treatment of protoplasts with PTX (Sigma, St. Louis; PTX A protomer and B oligomer, CalbiochemNovabiochem, La Jolla, CA) and CTX (Sigma), protoplasts were incubated in 10 mm CaCl 2 and combinations of 1 m GA 3 , and 10 m ABA, PTX, or CTX as indicated. After 48 h of treatment secreted amylase activity was assayed as in Bush et al. (1986) .
The 
Measurement of in Vivo PtdOH Changes
Freshly released protoplasts (1.7 mL per sample of 0.5 ϫ 10 6 protoplasts) were incubated with 25 g/mL NBD-PC. Protoplasts were left to incubate for 2 h in the presence of 10 mm CaCl 2 . Then 10 m ABA, 0.5 g/L PTX, or 0.5 g/L CTX was added as indicated for 10 min, after which the protoplasts were settled under 1g for 5 min. Five hundred microliters of settled protoplasts was processed for measurement of NBD-labeled PtdOH levels as described by Ritchie and Gilroy (1998b) .
PLD Extraction and Assays
Freshly released protoplasts were settled for 5 min at 1g, all further procedures were carried out at 4°C or on ice unless otherwise stated. Four hundred microliters of media containing the settled protoplasts was added to 800 L of extraction buffer (50 mm Tris [tris(hydroxymethyl)aminomethane]-acetate, 5 mm EDTA, 5 mm EGTA, pH 8.8, 1 mm dithiothreitol, and 10 g/L each of leupeptin, pepstatin, and aprotinin) and homogenized in a glass/Teflon homogenizer. The extract was centrifuged at 2,000g for 10 min, and the resulting supernatant was centrifuged at 100,000g for 45 min (TL-100 Ultracentrifuge, Beckman, Palo Alto, CA). The resulting microsomal pellet was resuspended in extraction buffer and the protein concentration determined by the method of Bradford (1976) using bovine serum albumin as a standard and a protein assay kit (Bio-Rad Laboratories, Hercules, CA). Unless otherwise stated, the protein concentration was adjusted to 0.45 g/L using extraction buffer.
PLD assays were conducted as described by Ritchie and Gilroy (1998b) with the following modifications: a final volume of 40 L contained 10 L of microsomal protein, 50 mm MES (2-[N-morpholino]ethanesulfonic acid)/NaOH, pH 6.5, 25 mm CaCl 2 , 5 mm MgCl 2 , 55 m SDS (unless otherwise indicated), 1.5% (v/v) ethanol, 150 m NBD-PC. Ten micromolars ABA was added as indicated from a stock in ethanol. The final ethanol concentration was 0.1% (v/v), which was also added to the controls. The reaction was initiated by the addition of protein sample and incubated at room temperature for 10 min (or increments of 5 min for experiments described in Figs. 2 and 5) with shaking at 100 rpm. The reaction was stopped by the addition of 150 L of chloroform:methanol (1:2 v/v). Chloroform (40 L) and 2 m KCl (40 L) was added, and the samples were processed for measurement of the NBD-phosphatidylethanol (NBD-P-ethanol) produced using thin layer chromatography as described by Ritchie and Gilroy (1998b) . Since a nonsaturating amount of ethanol was added into the PLD assays, some NBD-PtdOH was produced in addition to NBD-P-ethanol (approximately 30%). Levels of NBDPtdOH varied in the same manner as NBD-P-ethanol (e.g. they increased in sample treated with ABA), however the levels were lower, and we chose to measure NBD-Pethanol only.
Phase Partitioning and Membrane Marker Assays
Aleurone layers (1,000-2,000) were ground in liquid N 2 and homogenized in a pestle and mortar in 100 mL of extraction buffer (as for protoplasts above, plus 0.1% [w/v] PVP). The extract was filtered through two layers of cheesecloth and centrifuged as described above for protoplasts to obtain a microsomal membrane fraction. The microsomal pellets were resuspended in 50 mm Tris-acetate, 0.5 mm EDTA, and 0.5 mm EGTA (resuspension buffer) and added to a phase partitioning mix of 36 g final weight as previously described (Larsson et al., 1987; Robbins et al., 1999) . The phase mixture was inverted gently more than 20 times, incubated on ice for 10 min, and centrifuged at 1,000g for 5 min. The upper phase was removed and added to fresh lower phase, the mixing and centrifugation were repeated, and the second upper phase processed through a further third round of partitioning. The final upper phase was diluted Ͼ2-fold, and the first lower phase Ͼ10-fold with resuspension buffer. These diluted phases were centrifuged for 60 min at 90,000g (L5-50E Ultracentrifuge, Beckman), and the resulting membrane pellets were resuspended in the same buffer to give a protein concentration of 2 to 4 mg/mL. These fractions were further diluted to 0.65 mg/mL for use in PLD assays or used undiluted for marker enzyme assay.
Antimycin insensitive cytochrome C reductase activity was assayed using 10 L of sample in a total volume of 600 L containing 10 mm KH 2 PO 4 , pH 7.3, 25 m cytochrome C, 250 m NADH, 12.5 mm KCN, and 1 m antimycin as described by Briskin et al. (1987) . Vanadate-sensitive and -insensitive ATPase activities were assayed using 10 L of sample in a volume of 120 L of assay mix containing 330 mm Suc, 50 mm MES-KOH, pH 6.5, 3 mm ATP, 0.02% (v/v) Triton X-100, 4 mm MgSO 4 , 50 mm KNO 3 , with or without 1 mm NaN 3 and 0.1 mm Na 6 Mo 7 O 24 , or 0.1 mm NaVO 4 . Latent IDPase activity was assayed as described by Briskin et al. (1987) , using 10 L of sample in a 200-L reaction volume. Latent activity was released by the addition of 0.05% (v/v) Triton X-100 (Ray et al., 1969) or after storage of samples for 5 d at 4°C. The degree of latency was similar using either method. In both ATPase and IDPase assays, inorganic phosphate release was assayed using the method of LeBel et al. (1978) .
